One sentence summary: Pairwise competitive fitness experiments for B. bruxellensis strains under different sulfite concentrations revealed specific strain adaptations for this antimicrobial agent † These authors contributed equally to the supervision of this work.
INTRODUCTION
Brettanomyces bruxellensis is a microorganism with rising biotechnological importance. Besides having a key role during the production of Belgian Lambic and Gueuze ales (Custers and Kluyver others are allotriploid (e.g. AWRI1499 and AWRI1608), resulting from independent hybridisation events (Borneman et al. 2014) . In a recent study, a correlation between strain genetic cluster (namely CBS2499-like, AWRI1499-like and AWRI1608-like), ploidy level and substrate of isolation was demonstrated (Avramova et al. 2018a) . Indeed, B. bruxellensis has been isolated from various human-related fermentation environments and was suggested to have a strong niche adaptation corresponding to different types of fermented beverages, particularly for wine strains (Crauwels et al. 2017; Avramova et al. 2018a) .
In wine, B. bruxellensis is considered a spoilage microorganism, mainly due to the production of ethyl phenols (Chatonnet et al. 1992) , which confer unpleasant aromas often described as barnyard, horse sweat and medicinal (Heresztyn 1986; Chatonnet, Dubourdieu and Boidron 1995) . The spoilage potential of this species is further enhanced by its tolerance to sulfur dioxide (SO 2 ) (Agnolucci et al. 2010; Curtin, Kennedy and Henschke 2012a; Agnolucci et al. 2013) , the most broadly used antimicrobial agent in winemaking. Several studies have explored this issue over the last decade (Barata et al. 2008; Agnolucci et al. 2010; Curtin, Kennedy and Henschke 2012a; Agnolucci et al. 2013; Vigentini et al. 2013; Zuehlke and Edwards 2013; Capozzi et al. 2016; Avramova et al. 2018a; Avramova et al. 2018b) , some of them uncovering a correlation between SO 2 tolerance and B. bruxellensis genetic grouping (Agnolucci et al. 2009; Curtin, Kennedy and Henschke 2012a; Avramova et al. 2018a; Avramova et al. 2018b ). Strikingly, a high percentage of Australian (Curtin, Kennedy and Henschke 2012a) and French isolates (Cibrario 2017 ) have genotypes previously correlated with high SO 2 tolerance (Curtin, Kennedy and Henschke 2012a; Avramova et al. 2018a) . Ironically, it has been suggested that the use of SO 2 during winemaking has created a constant selective pressure on B. bruxellensis wine populations, thus leading to the establishment of more tolerant genotypes (Curtin, Kennedy and Henschke 2012a) and rendering common doses of SO 2 inefficient against this microorganism (Curtin, Kennedy and Henschke 2012a; Avramova et al. 2018a; Avramova et al. 2018b) .
Tolerance to SO 2 is considered a hallmark of domestication for Saccharomyces cerevisiae wine strains (Legras et al. 2007) . Given the SO 2 tolerance observed for B. bruxellensis strains, it is likely that this species is also closely related to human activity (Avramova et al. 2018a) . Unlike S. cerevisiae wine strains, which are mostly diploid, the B. bruxellensis strains that show the highest SO 2 tolerance are generally allopolyploid (Curtin et al. 2012b; Borneman et al. 2014) , and co-exist with diploid populations in a diploid-triploid complex structured according to substrate of isolation and geographical distribution (Avramova et al. 2018a) . Indeed, the striking correlation between the allopolyploidy observed for the AWRI1499-like group and SO 2 tolerance, and the high dispersal of triploid genotypes (Curtin, Kennedy and Henschke 2012a; Avramova et al. 2018a) , have suggested that the genetic configuration of AWR1499-like strains may confer a selective advantage in winemaking conditions and exposure to SO 2 (Avramova et al. 2018a) .
In order to assess if the genetic configuration of the AWRI1499-like cluster confers a selective advantage under winemaking conditions, we designed competition experiments to evaluate the relative fitness of B. bruxellensis strains exhibiting different ploidy levels. The strains AWRI1499 (allotriploid), AWRI1608 (allotriploid, distinct from AWRI1499) and AWRI1626 (CBS2499, diploid) were chosen as representatives of the three main B. bruxellensis genetic groups, which are associated with different genetic background, ploidy level and SO 2 tolerance (Curtin, Kennedy and Henschke 2012a; Borneman et al. 2014; Avramova et al. 2018a; Avramova et al. 2018b) . As a proof-ofconcept, strain pairwise competition experiments were performed under different SO 2 concentrations. Our findings bring new insights on B. bruxellensis interactions at intraspecies level and the impact of polyploidy on the adaptation capabilities of this species.
MATERIALS AND METHODS

Strains and media
Three B. bruxellensis wine strains, AWRI1499 (allotriploid, SO 2 tolerant), AWRI1608 (allotriploid, SO 2 sensitive) and AWRI1626 (synonym to CBS 2499, diploid, SO 2 sensitive) were chosen as representatives of the three major B. bruxellensis genetic groups (Albertin et al. 2014; Borneman et al. 2014 ) based on their different SO 2 tolerance (Avramova et al. 2018a) (Table 1 ). Strains were grown and maintained in YPD plates (10 g/L yeast extract, 10 g/L peptone, 20 g/L glucose, 16 g/L agar). YPD-G418 plates contained 200 mg/L geneticin, whereas YPD-ClonNat plates contained 50 mg/L nourseothricin. YNB medium contained yeast nitrogen base 6.7 g/L, glucose 2.5 g/L, fructose 2.5 g/L, pH 3.5. Competition experiments were performed in synthetic medium containing yeast nitrogen base 6.7 g/L, glucose 2.5 g/L, fructose 2.5 g/L, ethanol 5% v/v, pH 3.5 (Avramova et al. 2018a) . All liquid media were filter sterilised.
Strains construction and selection of transformants
AWRI1499, AWRI1608 and AWRI1626 were transformed with a cassette conferring resistance to either geneticin (KanMX) or nourseothricin (NatMX). Plasmids pMK-T-TDH1pr-KanMX and pMK-T-TDH1pr-NatMX were used to amplify transformation cassettes (Varela et al. 2018) . In both plasmids the gene conferring antibiotic resistance is under the control of the strong B. bruxellensis promoter TDH1. B. bruxellensis strains were transformed by electroporation as described previously (Miklenić et al. 2015; Varela et al. 2018) . Transformation samples were incubated overnight at 28
• C, 140 rpm and spread on YPD plates containing the appropriate antibiotic, each sample was inoculated on 2 plates. Plates were then incubated at 28
• C and transformants were visible after 5-10 days.
Selection of transformants
After transformation, eight random transformants for each of the three B. bruxellensis strains were restreaked on YPD plates containing the appropriate antibiotic (Fig. 1 ). Isolates were then tested by TYPEBrett PCR (Albertin, Masneuf-Pomarede and Peltier 2017) to confirm species identity and genetic group. Isolates were then streaked on plates containing the reciprocal antibiotic (e.g. G418 for isolates transformed with the NatMX cassette and ClonNat for isolates transformed with the KanMX cassette), transformants which did not grow on reciprocal antibiotics were retained for further validation. DNA insertion in B. bruxellensis strains during transformation is non-homologous and random (Miklenić et al. 2013; Varela et al. 2018) , and therefore, phenotypical neutrality of the transformants was evaluated. This was done by following cell growth in 96-well plates. Briefly, starter cultures were made in YNB medium and incubated at 28
• C for 4 days, cultures were then inoculated at OD 600 0.1 in a final volume of 200 μL of YNB medium. Plates were covered with Breathe-Easy membranes (Diversified Biotech, Dedham, MA) and incubated at 28
• C. Inoculations were performed Figure 1 . Validation of transformants. Eight transformants were randomly picked and restreaked on fresh plates. After incubation, transformants species and genetic group were confirmed by PCR analysis (step 1). Transformants were then tested for growth on plates containing the opposite antibiotic to assess putative crossresistance (step 2). Finally, transformants growth was assessed in YNB medium and compared to the corresponding parental strain (step 3).
in triplicate and using the parental strains as a reference. Cell growth for each well was measured for 4 days with a microplate reader spectrophotometer (Spectramax M2, Molecular Devices). Transformants which showed similar growth curves to the corresponding parental strains (Fig. S1 , Supporting Information) were chosen for competition experiments and conserved in glycerol stocks at −80 • C. Transformants were named according to strain, antibiotic cassette and isolate number; thus, transformant 1499 K 3 corresponds to isolate number 3 of AWRI1499 transformed with the KanMX cassette.
Competition experiments
Competition experiments were performed between two strains at a time, which showed resistance to different antibiotics. Selected transformants were grown in YNB medium until they reached stationary phase (4-5 days). Then, competing pairs (Table 2) were inoculated in equivalent proportions in order to obtain an OD 600 0.1 (OD 600 0.05 for each strain). Competition experiments were performed in a synthetic medium supplemented with potassium metabisulphite. A freshly prepared potassium metabisulphite stock solution (10 g/L) was used to obtain different concentrations of molecular SO 2 (mSO 2 )-0, 0.2, 0.4 and 0.6 mg/L molecular SO 2 (mSO 2 ). Free SO 2 concentration was measured using the aspiration/titration method (Rankine and Pocock 1970); these values were then used to estimate the concentration of mSO 2 using the Henderson-Hasselbalch equation (Henderson 1908) . Competition experiments were performed in 50 mL tubes containing 25 mL of medium at 28
• C and 140 rpm shaking. After inoculation, cultures were grown until an OD 600 of 1.5-2.0 (approximately 4 generations) (Fig. S2 , Supporting Information). At this point, samples were taken and spread on YPD plates containing antibiotics as indicated below; simultaneously, cultures were reinoculated in fresh medium at OD 600 0.1. These serial transfers were repeated until 20 generations were attained (4 transfer steps).
Competition experiments compared strains containing reciprocal antibiotic markers to evaluate the effect of DNA cassette insertion on transformants growth and SO 2 tolerance. Thus, for example, strain A-KanMX competed with strain B-NatMX and strain A-NatMX competed with strain B-KanMX. To avoid the potential bias introduced by using strains resulting 
Colony enumeration
Strain enumeration in mixed culture was assessed by plating on agar plates containing either antibiotic. Culture samples were diluted in PBS solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , and pH 7.4) and 50 μL of this dilution were spread with an automated spiral plater (Whitley, NSW, Australia) on plates containing 25 mL of medium. The spiral plater creates a gradual decrease in cell concentration enabling colony enumeration over five orders of magnitude (from 10 2 to 10 7 ). Inoculated plates were then incubated at 28
• C for 10 days and at least two enumerations per sample were performed using ProtoCOL 3 Colony Counter (Synbiosis, Cambridge, UK) with the options 'Two sector' and 'Split touching colonies' at maximum sensitivity. Final colony counts were used to obtain log 2 ratios for each competing pair, log 2 (AWRI1499/AWRI1626) and log 2 (AWRI1499/AWRI1608). Log 2 ratios were then used to build a heat map using the function heatmap.2 from the gplots R package (http://www.r-project.org/).
Wild type validation of competition experiments
In order to validate the findings of competition experiments using transformants, wild-type strains AWRI1499 and AWRI1608 were also subjected to competitive growth assays. 
RESULTS
Competition experiments with three different B. bruxellensis strains were performed to evaluate if the allopolyploid genetic configuration of AWRI1499 strain conferred a selective advantage under winemaking conditions. For this, representative strains of the three major B. bruxellensis genetic groups associated with different genetic background, ploidy level, and SO 2 tolerance were chosen. As a proof-of-concept, strains AWRI1499, AWRI1608 and AWRI1626 were transformed with gene cassettes conferring resistance to two different antibiotics and used in pairwise competition assays.
Validation of transformants
As B. bruxellensis transformants are the result of random DNA integration via non-homologous end joining, eight independent transformants for each antibiotic marker for each of the three strains (48 in total) were evaluated for phenotypical neutrality compared to the respective parental strain. All transformants were confirmed for species and strain identity, as well as antibiotic resistance, with only one strain showing resistance to both antibiotics (Table S1 , Supporting Information). This indicates that DNA cassette insertions did not affect regions used for species and genetic group identification. Most transformants showed a similar growth profile to the corresponding parental strains in absence of SO 2 (Fig. S1 , Supporting Information). However, differences were observed for six of the AWRI1608 transformants, suggesting an effect of DNA insertion in this genetic background. These isolates were not included in competition experiments (Table S1 , Supporting Information). From those strains that did not show phenotypic effects of the cassette insertion, three validated transformants per strain and per antibiotic marker were selected for the competition assays.
To test if the insertion of the antibiotic markers had an effect on yeast growth, transformants with the same genetic background but different selective markers were subjected to pairwise competition experiments under different mSO 2 concentrations (Fig. 2, Table S2 -S3, Supporting Information). For each mSO 2 concentration, AWRI1499 transformants showed similar growth profiles regardless of antibiotic marker. A similar behaviour was observed for AWRI1626 transformants at 0 and 0.2 mg/L mSO 2 . However, some differences were found at 0.4 and 0.6 mg/L mSO 2 between AWRI1626 transformants (Fig. 2) . Interestingly, at 0.6 mg/L, the cell concentration for AWRI1626 transformants decreased over time, with KanMX transformants decreasing faster than NatMX transformants. AWRI1608 transformants also showed similar growth profiles regardless of antibiotic marker for each mSO 2 concentration. Although AWRI1608 KanMX transformants showed higher cell concentrations than AWRI1608 NatMX transformants, these differences were related to the initial inoculation ratio and indicated a constant behaviour over time. 
AWRI1499 shows a selective advantage under winemaking conditions
In order to quantify the interspecific differences in fitness during SO 2 exposure, selected transformants were evaluated in pairwise competition experiments, AWRI1499 vs AWRI1626, and AWRI1499 vs AWRI1608. Competition assays between AWRI1499 and AWRI1626 revealed two growth patterns depending on mSO 2 concentration (Fig. 3) . At low mSO 2 concentrations (0 and 0.2 mg/L), AWRI1626 transformants outcompeted AWRI1499 isolates and this phenomenon was maintained or increased over time depending on the competing pair. Although AWRI1626 transformants dominated, AWRI1499 isolates showed moderate population numbers (10 5 -10 6 UFC/mL; Table S4 , Supporting Information). On the contrary, at high mSO 2 concentrations (0.4 and 0.6 mg/L), AWRI1499 transformants outcompeted AWRI1626 isolates and this dominance was stronger at 0.6 mg/L. Similar patterns were obtained for competing strains carrying opposite antibiotic markers, i.e. 1499 K vs 1626 N and 1499 N vs 1626 K, suggesting that there is no effect of the marker cassette on the competition behaviour of the transformants. In competition experiments between AWRI1499 and AWRI1608, transformants of this latter strain outcompeted AWRI1499 isolates at 0, 0.2 and 0.4 mg/L mSO 2 , whereas at 0.6 mg/L AWRI1499, transformants generally outcompeted AWRI1608 isolates (Fig. 3) . Although the initial yeast ratio was not always equal, this did not affect strain behaviour as pairs with higher AWRI1608 inoculum showed a similar pattern as competing pairs with higher AWRI1499 inoculation ratio. Interestingly, at low mSO 2 concentrations AWRI1499 transformants showed colony numbers close to the detection limit (10 2 UFC/mL; Table S5 , Supporting Information), suggesting that AWRI1608 completely outcompeted AWRI1499. At 0.6 mg/L mSO 2 , two out of the six competing pairs (pairs 10 and 12, Fig. 3 ) showed a dominance of the AWRI1608 transformant over the AWRI1499 isolate. This behaviour could be explained by the complexity of competition interactions between those microorganisms, suggesting that other factors than SO 2 could be involved in the strain competition in this case. In order to validate the results obtained with the transformants, competition experiments with the wildtype strains AWRI1499 and AWRI1608 were performed. As observed previously, AWRI1608 dominated over AWRI1499 from 0-0.4 mg/L mSO 2 with this dominance increasing over time, whereas AWRI1499 dominated at 0.6 mg/L from the beginning of the experiment (Fig. 4) . These findings indicate that AWRI1499 outcompetes AWRI1608 at high mSO 2 concentrations, confirming the results obtained with transformants and the reliability of 
DISCUSSION
Previous studies have shown diverse SO 2 responses among B. bruxellensis strains, which correlate with genomic nature (Curtin, Kennedy and Henschke 2012a; Avramova et al. 2018a ). This has led to suggest that some allotriploidisation events may confer a selective advantage under winemaking conditions, particularly for strains of the AWRI1499-like group, which show high SO 2 tolerance (Avramova et al. 2018a; Avramova et al. 2018b) . As a proofof-concept, we performed pairwise competition experiments with representative strains of the three major B. bruxellensis genetic groups, AWRI1499, AWRI1608 and AWRI1626 (synonym CBS 2499). For competitive fitness assays, strains are usually tagged with molecular and/or drug-resistant markers, which enable to determine the frequency of each strain in the population. The use of these markers, which have a negligible effect on transformants growth rate, have previously allowed to evaluate the relative fitness of S. cerevisiae strains in industrial, clinical and evolutionary settings (Baganz et al. 1997; Goldstein and McCusker 1999; Giaever et al. 2002; Goddard, Godfray and Burt 2005; Dikicioglu, Pir and Oliver 2013) . Genetic transformation for B. bruxellensis, however, has only been developed very recently (Miklenić et al. 2013; Ishchuk et al. 2016; Schifferdecker et al. 2016) and therefore, competition experiments for this species have not been reported. Here, we report for the first time competitive fitness assays for B. bruxellensis using newly developed transformation cassettes, which are optimised for this species (Varela et al. 2018) .
Since transformation in B. bruxellensis occurs via nonhomologous end joining resulting in random DNA integration, transformants were validated prior to competition experiments. Most transformants were confirmed for species and strain identity, antibiotic resistance and phenotypical neutrality compared to the respective parental strain in absence of SO 2 . Validated transformants from the same strain but carrying different selective markers showed similar growth profiles regardless of antibiotic marker at different mSO 2 concentrations. Only AWRI1626 transformants showed some differences at high mSO 2 concentrations. Since transformants were screened in media without SO 2 , it is possible that the selected AWRI1626 transformants were able to grow similar to the parental strain only at low SO 2 concentrations. Nevertheless, transformants were considered an appropriate representation of the respective parental strains without major phenotypical effects due to the insertion of the selective marker.
Although the PCR approach used to identify B. bruxellensis strains enables to distinguish several strains including AWRI1499 and AWRI1608, not all B. bruxellensis strains are able to be uniquely identified. Competition experiments with the wildtype strains AWRI1499 and AWRI1608 confirmed the results obtained with the transformants, validating the proposed experimental design to evaluate the competitive fitness of different B. bruxellensis strains. In addition, the use of transformants enabled competition experiments between strains that were not able to be distinguished by PCR.
Pairwise competitive fitness assays showed a relative selective advantage of AWRI1499 over the other two evaluated strains at high mSO 2 concentrations. The concentration at which AWRI1499 dominated was different depending on the competing strain: against AWRI1626 it was 0.4 mg/L mSO 2 , while vs AWRI1608 it was 0.6 mg/L mSO 2 . Competition between microorganisms can be symmetrical, where the two populations coexist even if one dominates, or asymmetrical, where one population excludes the other (Shearer 1995) . AWRI1499 and AWRI1626 populations coexisted at low mSO 2 concentrations, suggesting that strains from both genetic groups would be able to share the same niche space. This also supports the idea of a diploid-triploid complex, where diploid and triploid B. bruxellensis populations coexist (Avramova et al. 2018a) . Interestingly, AWRI1608 displaced AWRI1499 at low mSO 2 concentrations, indicating an asymmetrical competition between these allotriploid strains. These results suggest that, at low SO 2 concentrations, an actual competition with exclusion (Hibbing et al. 2010) occurs between the two triploid strains AWRI1499 and AWRI1608. Taken together these findings demonstrate different interaction profiles between strains and highlight the complexity of intraspecies interactions for B. bruxellensis.
A selective advantage linked to SO 2 tolerance has also been reported for S. cerevisiae strains (Zimmer et al. 2014; Pérez-Torrado et al. 2017) . One of the most studied mechanisms for SO 2 tolerance involves the sulfite efflux pump Ssu1p, which is a member of the tellurite-resistance/dicarboxylate transporter (TDT) family (Lechenne et al. 2007 ). Indeed, SO 2 tolerance, particularly SSU1 expression levels (Pérez-Torrado et al. 2017 ) and a shorter lag phase in presence of SO 2 (Zimmer et al. 2014) , are key factors leading to the ecological advantage observed for dominant S. cerevisiae strains. Thus, it has been suggested that these strains may have been inadvertently selected by human activity due to their rapid colonisation of medium containing SO 2 (Zimmer et al. 2014) . In B. bruxellensis, the existence of a major allotriploid group tolerant to SO 2 is potentially another example of human related selection through SO 2 addition. Recently, Varela et al. (2019) have determined the relative efficiency of different B. bruxellensis SSU1 haplotypes to confer SO 2 tolerance. The results indicate that a combination of haplotype efficiency, copy number and haplotype expression levels contribute to the diverse SO 2 tolerances observed for different B. bruxellensis strains. Remarkably, AWRI1499 has two copies of the most efficient haplotype, which are also expressed preferentially (Varela et al. 2019) . Given the high proportion of AWRI1499-like isolates in ecological studies conducted in Australia (Curtin et al. 2007; Curtin, Kennedy and Henschke 2012a) and France (Cibrario 2017) , it is possible that repeated sub-lethal SO 2 additions have led to unwitting selection for a SO 2 tolerant genotype.
Despite the possible slowing down of growth rate and cell metabolism (Otto 2007) , a stable polyploid state is thought to be maintained only if it confers selective advantage to the cell (Wertheimer, Stone and Berman 2016) . Polyploidy has been shown to enhance yeast adaptive capacity through increasing the rate of beneficial mutations (Selmecki et al. 2015) , changes in cell physiology (Hegreness et al. 2006) or compensation of deleterious mutations (Comai 2005; Peer, Mizrachi and Marchal 2017) . Similarly, allopolyploidy is a plausible evolution strategy for expanding environmental tolerance, with several reported cases within Saccharomyces genus where polyploid hybrids exist and often combine beneficial traits from two or more parents (Masneuf et al. 1998; Querol and Bond 2009; Libkind et al. 2011; BleinNicolas et al. 2015; Marsit and Dequin 2015) . The allotriploid strains AWRI1499 and AWRI1608 originate from independent hybridisation events between different diploid parent strains and unknown donors of the additional haploid genome (Borneman et al. 2014) . While we have shown a potential explanation for the evolutionary success of strains from the AWRI1499-like cluster, the existence of the AWRI1608-like strain cluster might also be related to traits other than SO 2 tolerance and remains to be explored. Nevertheless, the experimental approach presented here would be useful to evaluate these potentially beneficial selective traits.
In summary, AWRI1499, an allopolyploid strain with high SO 2 tolerance, is specifically adapted to environments with high SO 2 concentrations compared to other B. bruxellensis wine strains. Our findings also revealed complex interactions between B. bruxellensis strains and indicate a potential correlation between allotriploidisation origin and environmental adaptation in this species.
